Abstract: Over 50% of world"s population presently resides in cities, and this number is expected to rise to ~70% by 2050. Increasing urbanization problems including population growth, urban sprawl, land use change, unemployment, and environmental degradation, have markedly impacted urban residents" Quality of Life (QOL). Therefore, urban sustainability and its measurement have gained increasing attention from administrators, urban planners, and scientific communities throughout the world with respect to improving urban development and human well-being. The widely accepted definition of urban sustainability emphasizes the balancing development of three primary domains (urban economy, society, and environment). This article attempts to improve the aforementioned definition of urban sustainability by incorporating a human well-being dimension. Major problems identified in existing urban sustainability indicator (USI) models include a weak integration of potential indicators, poor measurement and quantification, and insufficient spatial-temporal analysis. To tackle these challenges an integrated USI model based on a hierarchical indices system was established for monitoring and evaluating urban sustainability. This model can be performed by quantifying indicators using both traditional statistical approaches and advanced geomatic techniques based on satellite imagery and census data, which aims to provide a theoretical basis for a comprehensive assessment of urban sustainability from a spatial-temporal perspective.
Introduction
Approximately 50% of the world"s populations reside in cities, and the United Nations Population Fund reports that 60% will be living in urban areas by the year 2025; by 2050, this percentage will rise to 70% [1, 2] . Global urbanization will become a critical issue associated with human development over the course of the 21th century [3] . Urban area, as a complex system, is closely associated with, and considerably dependent upon, other broader systems at regional and global levels for resource input and waste output [4] . Therefore, it is of great significance to focus on the process of urban development in order to improve urban system itself and other related systems.
Since the concept of sustainable development was first put forward in the well-known report Our Common Future in 1987 by the UN World Commission on Environment and Development (the Brundtland Commission) [5] , urban sustainability emerged thereafter and gained increasing popularity by governments, administrators, urban planners, and scientific communities in North America, Europe, and the Asian Pacific Region [6] [7] [8] [9] [10] . Although there are a number of diverse definitions of urban sustainability by different communities in different areas concerning their own different situations, the core value of urban sustainability always lies in the balance of environmental, economic, and social development.
To date, accelerating urbanization problems including urban sprawl, land cover change, land use change, and environmental degradation within the complex urban system have impacted residents" Quality of Life (QOL) and threatened the goal of sustainable development. Nevertheless, monitoring and evaluating urban sustainability, as well as investigating the influence of urbanization on QOL, is still in its infancy due to a lack of an integrated urban sustainability indicator model based on a comprehensive interpretation of urban sustainability. In addition, the urban sustainability indicators (USIs) found in previous frameworks have limitations due to poor measurements and quantification which make it difficult to compare the results. In regards to spatial-temporal analysis and information extraction functions, remote sensing (RS) and Geographic Information Systems (GIS) have become powerful tools and data sources for discovering the spatial-temporal process of urbanization, the quantitative distribution of QOL and their interrelationships. It is of great urgency and necessity to explore those approaches and sources of data for monitoring and assessing urban sustainability more efficiently.
The present review summarizes the universally accepted interpretations of urban sustainability as well as their indicator systems. It also discusses three important domains (urbanization, urban environment, and QOL) closely linked with urban sustainability and the available methods for USI measurements. To overcome the limitations found in previous studies, we attempt to provide a comprehensive understanding of urban sustainability by incorporating different domains into one holistic definition. A potential integrated model is established based on a hierarchical system for monitoring and evaluating urban sustainability. The USIs in the proposed model can be quantified by applying both traditional statistical approaches and advanced geomatic techniques (remote sensing and GIS) to satellite imagery and census data from a spatial-temporal perspective. This study is intended to provide a theoretical basis as well as practical methodologies for future research and decision making on urban sustainability.
Current Challenges and Opportunities in the Development of USI Models

Development of Urban Sustainability Indicator (USI) Models
Urban sustainability can be considered as both a desirable goal and an ongoing process [11] . Although over 80 definitions concerning different circumstances can be found in related literature from diverse disciplines, the widely accepted interpretation of urban sustainability always emphasizes balancing development in three primary domains: urban economy, society, and environment [5, 12] . Overall, the definition of urban sustainability can be divided into two categories, holistic and narrow. The former highlights the general status of urban development with an offset view of different domains while the latter focuses more on one or two relevant domains concerning different circumstances. Accordingly, USIs as "parameters or values derived from parameters" are developed to form different USI models for quantitatively measuring and evaluating urban sustainability from both the holistic and narrow perspectives [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
To systematically monitor and assess urban development progress towards sustainability, previous studies have described step by step procedures for developing USI models [13, 26] . First of all, an unambiguous interpretation of urban sustainability is required to provide the overall direction of the USI system. Establishing a suitable framework and defining a set of selection criteria are deemed two essential steps in this whole process [27] . Based on the previously accepted indicator selection criteria of specific domains concerning sustainability (e.g., social indicators, urban indicators, and environmental indicators) listed by [13] and the fundamental requirements suggested by [15, 21, 27, 28] , we summarized a more general set of six standards (clearly defined and scientifically representable, responsive to target goals and audience, data available, numerically measurable, spatially and temporally comparable, and cost-effective) with the most consensuses to fit the selection of USIs. These USIs are supposed to characterize the relevant phenomena or aspects of urban development very well and be informative to the public in a spatial-temporal dynamic pattern. They should also be easily quantified with available measurement data in an acceptable expense.
According to the identified selection criteria, a preliminary list of possible urban sustainability indicators are supposed to be proposed based on specialized knowledge as well as the suggestions from other stakeholders (general public or policy makers). Then both equal and unequal weighting of the importance of identified selection criteria can be used to evaluate each proposed initial indicator. This indicator evaluation process can be based on the one-step procedure, a sequential procedure, or a hybrid procedure summarized by [26] . The specific goal for local development and adopted methodologies may also contribute to adding to or reducing from the original indicator set. Finally, after the selection of final indicators for the USI system, the effectiveness of this system should be tested in real case studies for evaluating urban sustainability [29] .
Problems and Opportunities in Current USI Models
Currently established USI models include "Sustainable Seattle indicators" [23] , "HamiltonWentworth Indicators" [30] , "British Columbia State of Sustainability Indicators" [16] , "Taipei"s sustainability index" [31] , and "London"s urban sustainability indicators" [32] . However, several limitations can be found in these USI models.
Firstly, efficient USI models are supposed to reflect inter-generational equity (future generation and current generation), intra-generational equity (social equity and geographical equity), ecological equity (species conservation, minimizing environmental impact, and efficient resources use), and human well-being [13, 14] . Assessing inter-generational equity requires temporal tracking over periods based on the same evaluation standard, while monitoring intra-generational equity needs spatial comparison among geographical areas at different levels (international, national, regional, urban, neighbourhood). However, the current USIs normally measured by traditional census or tabular data cannot easily provide such temporal and spatial pattern of urban sustainability change. To this point, lacking spatial and temporal analysis can be identified as a dominant limitation of current USIs.
For the measurement and quantification of USIs, it is difficult to collect the expected census data by conducting social surveys which are time-consuming, expensive, and labor-intensive. In most USI models, the census data collected for quantifying USIs are commonly objective data merely indicative of the physical status or socioeconomic conditions of urban development. Subjective data (e.g., people"s perceptions, feeling, and sense) is almost ignored. This is likely due to the increased difficulty in acquiring such data which involves face-to-face interviews, detailed questionnaire design, collaborations with multiple agencies, and ethics approvals. However, as principle participants in urban activities, urban residents" living experience and perspectives impact and in turn are impacted by urban development in an interactive manner. Most current USI models highly dependent on census data lack such encompassing measurement and quantification from both objective and subjective aspects, which can degrade the accuracy of urban sustainability monitoring and also hamper the investigation of linkages between indicators in different domains.
Another shortage in existing USIs lies in the weak integration of possible indicators from different domains to provide a comprehensive understanding of urban development. Maclaren argued that multiple indicators are required to measure the multiple dimensions of urban sustainability because indicators devoted to any single domain fail to draw the whole picture [27] . However, more indicators included for a wider coverage of urban development results in more complexity caused by measurement and quantification. Therefore, minimizing the amount of indicators without sacrificing the information content is another requirement for maximizing the efficiency of urban sustainability evaluation. To solve this problem, constructing composite USI can be a possible way by conjoining multiple specific indicators into a more integrated one [33] . For example, QOL is such a composite indicator that incorporating multiple dimensions of urban life (economic, social, educational, and environmental) into one single well-being index. This can be found in a growing body of research by [34] [35] [36] [37] [38] . Similarly, urban sustainability can also be evaluated by such composite indicator indices at different integrated levels for planning and policy-making purposes.
It is therefore of great significance to establish an integrated USI model based on a hierarchical indices system. This model should incorporate both objective and subjective information to provide a more accurate evaluation of urban sustainability. Additionally, geospatial data (satellite imagery and maps) and traditional census data are both needed to guarantee an effective spatial-temporal pattern analysis of urban sustainability distribution which is indispensable for decision makers in formulating and implementing adaptive strategies.
Important Domains of Urban Sustainability Evaluation
Urbanization
Urbanization can be simultaneously considered both an issue and a process that links different physical and social systems to a high concern of sustainability with regards to environmental problems, public infrastructures, service development, and policy making [39] . Global economic growth has driven this issue to experience an unprecedented period. An increasing number of unsustainable problems arising from this urbanization process include urban population growth, urban sprawl, and land cover/land use change, which has drawn great concern from a variety of stakeholders such as policymakers, urban planners, social scientists, geographers, economists, environmentalists, entrepreneurs, and urban residents [40] . Particularly, such urbanization issues have negatively affected sustainable spatial planning of environmental and socioeconomic development [17] . Key elements of urban spatial sustainability include balancing population growth, guaranteeing sufficient green space, and minimizing urban sprawl, natural area change, and use of environmentally-damaging materials (e.g., impervious surface) [17, 41, 42] .
Population Growth
Population growth in urban areas is considered a key factor driving urban growth during the urbanization process [43] . An unprecedented population increase has emerged compared to that in historical records. In the middle of 20th century, no more than 30% of global population settled in cities. By 2006, approximate 50% of the global population was living in urban areas and around 70% will become urban residents by the middle of the 21th century [2] . In addition, there is a distinctly expanding population discrepancy between the developing and developed world. From 1950 to 1975, the number of urban inhabitants increased by more than 20 million per annum in developing countries while the number in developed countries increased by around 10 million. By 2030, the annual increase (74.5 million) of urban residents in developing regions will be much higher than that in developed regions (1.5 million) [44] .
Population is considered an essential factor in determining urban spatial sustainability, which can be illustrated by comparing the population living demands in an urban area to its carrying capacity [15] . Huang et al. [22] argued that extreme population increase can exert serious strain on infrastructure and commodity provision and further degrade QOL. Specifically, if the urban carrying capacity (e.g., urban facilities, service, ecological environment, economy) can meet the need of population growth in both short and long terms, then the urban development can be regarded as sustainable. Otherwise, if the population growth rate exceeds the urban carrying capacity in either the short term or long term, then the urban sustainability goal has not been achieved. Therefore, it is quite dependent on the local socioeconomic development to assess the sustainable status of the population in any given area. Overall, a slightly growing or stable population is desirable for achieving a sustainable goal [23] . Comparison of the rate of urban sprawl and population growth can help to assessing sustainability from a carrying capacity perspective [43] . Demographical USIs (e.g., total population, population density, population growth rate, mortality, birth rate, etc.) have been widely used in many urban sustainability systems such as the United Nations Center for Human Settlements (UNCHS), the Europe Environment Agency (EEA), the World Health Organization Healthy Cities Indicators (WHOHCI), British Columbia State of Sustainability Report [16] , and Sustainable Seattle Report Card (SSRC) [23] .
Urban Sprawl and Land Cover/Land Use Change
Urban dynamic spatial-temporal patterns (e.g., structure, forms, and organization) play a critical role in explaining the interdependence of urban systems and broader systems. Monitoring urban patterns is considered an important procedure for urban planners and administrators towards urban sustainability [15, 45] . In addition, the impacts of urban patterns on urban environmental conditions also belong to the urban sustainability domain. Variations of urban sprawl, and land use/land cover (LULC) over different time periods are regarded as indicators that can demonstrate the urban dynamic spatial-temporal patterns. Such indicators are widely accepted by different communities and are used in diverse urban sustainability evaluation frameworks.
Urban sprawl or expansion, as a result of urban growth, has posed a great strain on urban environment, society, and economy [46] . Relative literature indicates that there is a growing urban decentralization trend with either an increasing or decreasing population size [41] . The traditional sustainable idea of urban development is supposed to be a "compact city" through densification while the other development mode is "green city" with eco-suburban areas expanded from the center city [15] . The compact city is similar to the "fill-in" mode characterized by self-support functions, which is more accepted by sustainable urban planners due to the philosophies of energy-conscious spatial development. The high proximity of dense urban patterns allows reduction of energy use and emission of motorized transportation for commuting and service accessibility (e.g., shopping, education, and medicine). In addition, concentrated housing pattern (e.g., apartments, row houses, and co-houses) within such compact mode requires much less space heating compared to most separated single-family houses in suburban areas which are greatly facilitated by the urban sprawl process [47] . Furthermore, the land use conversion from natural surfaces to urban areas can also be decreased to protect biodiversity. Therefore, the compact urban development mode of minimizing expansion is compatible with the goal of urban sustainability [48] . However, Orrskog [49] pointed out that too highdensity urban planning goes against sustainability because of lacking ecological recycling within an open urban scenario. Overall, urban sprawl can cause more biodiversity loss compared to urban densification owing to the higher distribution of species diversity in peripheral undeveloped areas. Alberti [15] concluded that the scattered urban model violates the primary goal of sustainability in developed countries: minimizing energy use (transportation, space heating) and natural area transformation.
Land cover refers to natural or man-made materials present on the earth surface such as vegetation, soil, water, and impervious surfaces while land use is about what is caused by anthropogenic activities including residential, commercial, industrial, and agricultural areas, etc. [50] . Land cover and land use change can impact both local and regional environmental conditions, and is further associated with global change process for its interaction with climate, ecosystem, biochemical cycles and anthropogenic actives [51] . Also, urban land use pattern is highly linked with energy consumption and air pollution patterns as well as transportation trends. Urbanization has facilitated the transformation of natural land covers (e.g., soil, vegetation) to urban land uses such as industry, commerce, and residence covered by impervious surfaces, which strongly impact the whole earth ecosystem [43] .
Improper land use and destruction in the urban development process can cause huge damage to both the environmental and human beings as illustrated in examples of ecological balance, species extinction, flood, drought, sandstorms, global warming and pollution. Studying the spatial distribution of urban LCLU change across time can help monitor urban dynamic process for an improved understanding of urban sprawl, which supports making better strategies of land planning and management for future sustainable development [52] . Therefore, urban land cover (e.g., total area, total built-up area, open area, transportation network, etc.) and land use have been selected as source sustainable indicators in a number of USI systems including the United Nations Center for Human Settlements (UNCHS), the Europe Environment Agency (EEA), and the Leicester Core Set of Sustainable Development Indicators. Since urban sprawl and land cover/land use change is of great significance for achieving urban sustainability, it is an urgent need to monitor and evaluate the magnitude and spatial-temporal pattern of urban dynamic process.
Urban Environment
An urban environmental system is a necessary component of the whole urban ecosystem, which is of primary importance to urban sustainability. With respect to urban environmental policies which emphasize either "ecology within the city" or "city in ecology", environmental quality always to a high extent determines urban residents overall well-being (e.g., health, recreation, etc.). Urban environmental issues generally involve energy use, biodiversity conservation, landscape amenity, and natural resource protection. Specific urban environmental concerns comprise aspects of green vegetation space (GVS), impervious surface area (ISA), water quality, and urban air condition (temperature and components). All of these elements are associated closely with the overall quality of the physical environment as well as residential QOL [15] . It is of great necessity to assess urban environmental conditions by investigating such features for further examining the urban QOL from a sustainable perspective.
Green Space (GS)
Green space or vegetation area is, in an absolute sense, an indispensable component of urban sustainability. A number of advantages of green space can be found in urban sustainable development. Firstly, vegetation plays a critical role in cooling the air and saving energy, which is consistent with the sustainable goal of a low-energy future highlighted by [5] . Secondly, green vegetation can absorb the pollutant emissions (e.g., carbon dioxide, sulfur dioxide, etc.) released by consumption of fossil fuels and in doing so help mitigate the greenhouse effect as well as reduce urban noise improving the health of inhabitants. Increasing green space is also a helpful strategy for reducing habitat loss, preventing species extinction, and protecting biodiversity. In addition, adequate vegetation is necessary to ameliorate urban environment to provide more outdoor recreation opportunities which can profoundly improve urban QOL, ultimately contributing to urban sustainability.
Indicators developed from the vegetation perspective can reflect the quality of urban environment as well as the health level of the ecological economic system, providing feedback information for sustainability assessment. Huang et al. [22] pointed out that decreased green space caused by economic development is one influential factor contributing to Taipei city"s unsustainable status, so he suggested using one green coverage ratio to indicate the life-support capability in urban areas for sustainability evaluation. Different vegetation-related indicators (e.g., green space area per capita, green space area per income, green space diversion, public access to green space, etc.) can be found in a number of USI systems designated into different categories for sustainability evaluation. For example, percent green area has been selected as an urban land cover indicator in EEA indicator systems while both green space surface area and public access to green space have been chosen as environmental indicators in the WHO"s healthy cities indicator system. In addition, measures of quantity, quality and accessibility to green space serve to indicate the good quality wildlife habitat lost to development in the Core Sustainable Development Indicators in Leicester [53] . Green space was also considered as an input variable representing the environmental conditions in the urban QOL framework by [54] for Canada Mortgage and Housing Corporation studies.
Water Quantity and Quality
As one of the essential resources used for drinking, agriculture, industry and recreational purposes, water is a vital component to maintain human life and urban development. Both water quantity and quality are closely linked with residents" health and safety. The available water amount and water purity in an urban area can greatly affect residents" daily domestic water supply for drinking, washing, and other usage. In addition, water contributes significantly to improving the urban environment in terms of cooling temperature, purifying air, beautifying landscape, and preventing dryness [55] . Therefore, urban water has significant implications with sustainability. However, urbanization problems along with other anthropogenic activities can degrade both water quantity and quality by reclamation and contamination. Metropolitan Toronto Planning Department [56] in their report The State of the Environment Report: Metropolitan Toronto indicated that a stress-condition relationship exist between urbanization process (land use change and contaminating activities) and water quality status owing to the altered drainage patterns, disturbed natural hydrological cycle, and polluted water from different sources. Diverse water-related indicators can be found in most frameworks of urban sustainability, such as the Concentration of contaminants in water responsive to the ecosystem indicators domain proposed by the National Round Table on Environment and Economy [57] , % treated water indicator and times water unswimmable due to pollution as potential environmental indicators for Measuring the Health of a Community [58] . Also, the Alberta Round Table Vision-Indicators Matrix regarded Conditions of major rivers relative to water quality standards as an indicator for sustainability evaluation.
Impervious Surface Area (ISA)
Impervious surface commonly refers to water-resistant materials including asphalt, concrete, and other construction substances used for building roofs, roads, sidewalks, and parking lots. Urban land uses of impervious surface mainly contain transportation, commercial areas, industrial zones as well as parts of residential spaces (e.g., buildings roofs, sidewalks, etc.) [59] . As a predominant element of the built environment, impervious surfaces can characterize the composition of urban morphology, which is a major concern in assessing urban sustainability [27] . Because impervious surfaces used for buildings and infrastructures are mostly produced from non-renewable resources by high energy-cost processing and transportation, expanding impervious surfaces severely violate the sustainable goal of reducing energy use. In addition, such non-porous urban materials can alter the surface albedo and runoff regimes resulting in reduced evaporation and damage to the natural hydrological cycle [60] . Moreover, the increasing impervious surface is considered a key driving factor of the rising urban heat island (UHI) effect attributing to its high heat absorption, thermal capacity, and conductivity [51] . Therefore, the amount of impervious surface area (ISA) acts as a critical indicator of urban environmental quality as well as areal pollution of watersheds or runoff [61] . Extracting ISA variation allows detecting LCLU change for developing urban growth models to monitor dynamic urbanization processes [62] . Mapping impervious surface can also play an indispensable role in providing input information for many land-atmosphere energy and exchange models, leading to a better understanding and preservation of the whole urban ecological system [63] . Associated USIs can be found in the Leicester Core Set of Sustainable Development Indicators which were intended to measure the quality of the built environment, the sustainable use of materials and land, and the accessibility impacted by land use change.
Urban Surface Temperature
Urban surfaces characterized by non-porous materials have much higher thermal absorption and capacity in comparison to other land covers such as vegetation or water. A huge amount of solar heat can be stored by impervious surfaces in the day time and subsequently released at night, which causes urban areas experience a higher temperature compared to their rural counterparts. This phenomenon is referred to as urban heat island (UHI) effect and is exacerbated by rapid urbanization processes [51, 60] . Particularly, increased amount of impervious surfaces as well as decreased vegetated areas has noticeably intensified this phenomenon. Moreover, the rising urban surface temperature is also contributed to by the release of urban waste heat including house heating, transportation, industry, and other disruptive anthropogenic activities. The UHI effect has posed considerably adverse impacts to urban sustainability by threatening both environmental quality and human health. The rising temperature can facilitate some harmful chemical reactions releasing poisonous gases and particles (e.g., photochemical smog) which severely degrade air and water quality and some can even lead to species extinction. Also, the UHI, a public health hazard, has given rise to high levels of human diseases and mortality because of either the associated pollutants or the extreme heat stress itself [60, 64] . Therefore, sustainability indicators with temperature concern can be found in previous literature. For example, the National Round Table on Environment and Economy [57] adopted temperature (daily and trends over time) as one of the preliminary USI in the ecosystem domain. Temperature changes were also included as state indicators of environment quality in the OECD Pressure-State Response approach [65] . Li and Weng [59] also incorporated remote sensing derived land surface temperature as an environmental variable into the QOL model to assess the QOL in Indianapolis, U.S.
QOL
Definition of QOL
From an overall perspective, QOL is a composite indicator for measuring the personal satisfaction level with surrounding living status [66] . Previous literature has demonstrated that there are diverse definitions of QOL by either emphasizing the individual subjective sense in terms of "active, happy, or high self-esteem" or highlighting the objective linkages existing between the personal conditions and the external environments.
Consequently, there are two primary types of variables used for developing QOL, and these variables can be taken as sub-indicators that compromise QOL. One type are called objective indicators (or proxies) which focus on the measurements of objective urban circumstances including physical and built environment, and socioeconomic development (e.g., population density, housing density, green vegetation, impervious surface, unemployment rate, etc.) [33] . The other type are subjective indicators which highlight the personal perception of their experienced urban conditions. Those indicators are mainly comprised of individual values, attitudes, and senses. For example, the green space area in a neighbourhood belongs to the objective category while the residents" satisfaction with their green space area in the same neighbourhood is a subjective indicator. The objective indicators are usually measured using data from indirect data sources (e.g., census data, biophysical field data, photographs, maps, or satellite imagery). Subjective indicators are mainly obtained directly from attitudinal data based on interviews, surveys or questionnaires by adopting various forms (e.g., face-to-face, telephone, online, etc.) [26] . For theoretically evaluating QOLs, both objective and subjective indicators are needed to complement each other for a more comprehensive and accurate understanding of QOL [47] .
There are advantages and limitations in both types of QOL indicators. First the subjective indicators are advantageous in that they are first-hand information which can indicate the residents" well-being more accurately. However, it is difficult to conduct psychological data collection due to the time-consuming and expensive measurements needed, ethical issues, as well as interviewees" accessibility, so the use of subjective indicators are quite limited for establishing a comprehensive QOL for sustainability evaluation. In addition, the validity and reliability of subjective indicators are questioned by researchers because of the difficulty in quantifying and comparing QOLs interpersonally. Also, since the flexibility exists in residents" psychological evaluations towards their actual living standards, the honesty and accuracy of the interviews" feedback is viewed with skepticism. On the other hand, objective indicators can be obtained from accessible data sources such as census, field work, or imagery acquisition. In addition, they are capable of being quantified and compared based on standardized values. The disadvantages of objective indicators lie in the measurement errors during data recording (e.g., underreporting mortality) and subjective judgment inevitably introduced by indicators selection. Take the evaluation of an indicator such as building density towards sustainability for example. High building density can be interpreted as "negative" because this urban pattern destroys the natural urban landscape from an environmental aspect while it can be explained as "positive" from an economic development perspective. Therefore, a universally accepted indicator assessment criteria within most communities is needed to avoid the weakness shown by the objective indicators.
Theoretically, a well-developed QOL model should be based on the incorporation of both physical and psychological variables [67, 68] . Nonetheless, few studies were able to take the subjective variables into the proposed QOL model due to the huge challenges posed by data collection. Some early researchers [69, 70] believe that the objective indicators can represent the subjective ones based on the assumption that there is a high correlation existing between the two. However, others [71, 72] argued that there is little association between subjective and objective indicators owing to the complexity of psychological processes. QOL studies conducted by Jacksonville Community Council have demonstrated that subjective indicators are necessary components of a QOL model by collecting such data through telephone interviews for years.
Sustainable Implications of QOL
QOL has significant sustainable implications because of the close connections of individual well-being to the corresponding urban circumstances. As a composite index, QOL is capable of representing the socioeconomic and environmental conditions associated with local people"s life. To comprehensively evaluate the sustainable level of a city, it is necessary to incorporate both subjective values of peoples" perception and the objective status of the physical environment into the whole urban context [15] . Also, social and economic variables are needed to develop the QOL model for sustainability evaluation [27] . For example, to create London as a "sustainable world city", the Mayor of London in 2000 pointed out that it is necessary to "create a QOL index for London, adapted to the cities" specific needs, including measures of crime, health, air and water quality, road traffic levels, access to green space, and re-use of polluted and derelict land". Alberti [15] argued that subjective information has always been paid little attention by most communities when it comes to measuring urban sustainability. Support for this view comes from the United Kingdom"s Local Government Management Board which emphasized that subjective indicators should be incorporated into urban sustainability indicators due to the community based values and expectations [24] .
Despite the popularity of developing various USIs frameworks, previous literature and planning reports demonstrated that there is a weak integration of potential USIs in existing urban sustainability evaluation systems. A "synthetic value" derived from an integrated system of multiple indicators is required to measure and evaluate the whole picture of an urban situation [25] . In addition, there is a lack of linkages among the different dimensions of an explicit interpretation of urban sustainability from both objective and subjective perspectives. Also, the USIs developed for previous frameworks cannot be completely compared or quantified due to their poor measurements and quantification.
Furthermore, little attention has been paid to the spatial and temporal patterns of urban development. The strengths of geomatic approaches, including GIS and remote sensing has not been fully explored for the urban dynamic analysis. Most remote sensing and GIS based research separately investigated economic, social, or environmental aspects of urban development either on urban sprawl, land use, or urban environmental problems (GV, ISA, UHI) while other studies applied such spatial methods merely for assessing QOL. However, urbanization issues (urban sprawl and land use, urban environmental problems) and QOL are of great association with spatial sustainability. The detachment of assessing each dimension of urban sustainability without a spatial-temporal perspective is a common disadvantage of much contemporary urban sustainable studies.
Availability of Potential Approaches
A lot of research has shown that both traditional statistical approaches and advanced geospatial technologies (RS and GIS) have great potential for investigating urban problems [39] . In Particular, the incorporation of both methodologies can significantly enhance the ability of researchers in characterizing urban morphology [52, [73] [74] [75] , monitoring the urban dynamic process [43, 45, 51, 76] , investigating urban environmental problems [51, [77] [78] [79] , and assessing urban QOL [59, [80] [81] [82] . Statistical approaches mainly include correlation-regression analysis, the expansion method, factor analysis, principal component analysis (PCA), and analysis of variance [59, 81] .
Advanced geospatial techniques have excellent capabilities to integrate multiple data sources (e.g., census data, satellite imagery, and maps) into one platform and extract diverse spatial-temporal information from the complex urban system. First, remote sensing can provide huge amounts of data (e.g., aerial photography, satellite imagery) with different spatial and temporal resolutions which enable large-scale and continuous coverage of the study area. In addition, remote sensing data processing techniques and Geomatic Information Systems have powerful spatial analysis functions for incorporating tabular or attribute data with spatial data to facilitate investigation of biophysical and socioeconomic information at different scales [82] . Compared to traditional non-spatial methods, RS and GIS hold great possibility for characterizing urban LULC change information, urban dynamic growth, and environmental conditions due to their advantages in mapping and handling massive datasets in a time-labor efficient way [83] . Moreover, developing a dynamic prediction model from spatial-temporal perspective can contribute significantly to the understanding of future urban expansion, which allows for an effective evaluation of the proposed planning policies before being put into action [84] . However, the combination of aforementioned statistical and geospatial approaches has until recently been limited to a relatively narrow range of application. The exploration of urbanization and human QOL needs to be expanded to include both analyses.
Urban Expansion and Land Use Change
Urban sprawl is commonly quantified by deriving the built-up area difference between different periods from physical field survey, historical maps, or remotely sensed imagery [75] . LULC change can be conducted by combining remote sensing change detection techniques and GIS spatial analysis functions [51] . Weng [73] detected the trend and spatial pattern of land use change in the Zhujiang Delta of South China based on geospatial analysis and stochastic modeling. He also found a large loss of cropland in the past decade resulting from an abnormal urban growth which demonstrated the impacts of urban sprawl on land use dynamic conversion. Seto and Kaufmann [74] studied the same region by applying an econometric model with inputs of Landsat Thematic Mapper (TM) imagery of 30 m spatial resolution and economic-demographic data, which indicated that the external investment in industry is the paramount driver of local land use change. Similarly, the spatial-temporal dynamics of urban sprawl in the city of Shijiazhuang (China) was explored by [43] who integrated socioeconomic census data, historical maps, and satellite imagery to the GIS spatial analysis platform. LULC change detection was also carried out in this study and was found to be greatly driven by this urban expansion phenomenon as well as other influencing factors. In addition, urban sprawl and LULC studies are also conducted in Africa. Tewolde and Cabral [45] employed remote sensing objectoriented classification and a multi-layer perception neural network to develop an urban growth model which can predict the land use change and urban expansion in the next decade. In this study high spatial resolution imagery (IKONOS-2 of 1 m and Quickbird of 0.6 m), DEM data, and land cover maps were used simultaneously as ancillary data to assist classification and accuracy assessment.
Urban Environment Detection
Mapping Vegetation
Remote sensing provides an effective tool for accurately mapping and monitoring vegetation abundance. Compared to natural vegetation measuring, urban vegetation requires imagery with higher spatial resolution due to its heterogeneity and comparatively smaller geographical scales [85] . Small [78] demonstrated that 10 to 20 m is the most appropriate spatial scale to identify urban structures. In fact, Landsat TM imagery of 30 m spatial resolution is not appropriate for characterizing urban features due to the image pixels of mixed spectral features. Multispectral Satellite Pour l'Observation de la Terre (SPOT) 4 and 5 imagery of 20 m spatial resolution can be used to extract urban land cover distribution as well as vegetation abundance. As a ratio-based index, Normalized Difference Vegetation Index (NDVI) calculated from red and near-infrared reflectance can be used to indirectly estimate the amount of green biomass [50] . Price [86] pointed out that NDVI is sensor dependent because of the different definitions of spectral regions of different instruments. [87] suggested that Chlorophyll Index (green red ratio) derived from high spatial resolution IKONOS satellite imagery better estimate urban vegetation compared to NDVI owing to its sensitivity to multiple canopy layers particularly in dry seasons. Another popular approach to estimate urban vegetation is named spectral mix analysis (SMA) which is capable of characterizing spectral heterogeneity of the urban mosaic [88] . SMA is developed based on a linear mixture model with different proportions of "end members" (fundamental components of the urban landscape) reflectance within one image pixel, which shows great advantages in analyzing Landsat TM and SPOT imagery for urban classification [77, 79, 89] . With the development of remote sensors for obtaining high spatial resolution (<10 m) imagery, texture analysis and object-oriented techniques can also make accurate urban land cover information extraction possible [85] .
Mapping Impervious Area
Early studies used remote sensing approaches to identify ISA based on the simple classification of roads, parking lots, rooftops, and buildings [90] [91] [92] . More recent research computed ISA by considering it as a basic category of urban land cover and land use (LCLU) classification systems [61] . However, similar to urban vegetation mapping, it is difficult to guarantee a high accuracy of SIA extraction from heterogeneous urban areas using traditional pixel-based classification methods. It is possible that moderate satellite imagery with a spatial resolution between 10 m to 100 m (e.g., Landsat TM or SPOT) suffer from the scale problems owing to the impure pixels of mixed land covers when applied to extract information from the urban mosaic. Remote sensing classification confusion can be frequently caused by the spectral mixture within the instantaneous field of view. Therefore, both SAM methodologies and high spatial resolution imagery are needed for accurately extracting impervious surface features (e.g., area, percentage or pattern) from the urban landscape [62, 79, 93, 94] . Xian [95] investigated the urban spatial and temporal patterns of both Las Vegas and Tampa by developing a subpixel imperviousness assessment model (SIAM). A Vegetation-Impervious surface-soil (VIS) model developed by [77] has proved successful in quantifying different physical compositions of the urban environment based on parameter standardization [79, 94, 96] .
Urban Water Quality
Urban Water coverage can be obtained by land cover analysis based on remote sensing classification. In particular, it is possible to improve the accuracy of water retrieval from satellite imagery by adopting some advanced classification techniques such as SMA or object oriented approaches. Band ratio indices are another way to quantitatively distinguish water information with a certain threshold from the imagery of the urban landscape such as Normalized Difference Water Index (NDWI) by [97] .
Urban Surface Temperature
Since 1972, remotely sensed thermal radiation ranging from 8 to 13 µm of the electromagnetic spectrum has been utilized to retrieve land surface temperature based on the physical theories of the Stefan-Boltzmann law, Wien"s displacement law and Planck"s law [98] . Both day and night land surface temperature can be derived from the thermal energy obtained by satellite sensors. Digital brightness of the thermal imagery can record the radiant energy as an expression of the thermal emissivity of distinct objects [85] . Previous research has shown that diverse satellite imagery of different spatial, temporal and spectral resolutions have been exploited to extract the land surface temperature for interpretation of the urban heat island phenomenon. Low spatial resolution imagery such as the Advanced Very High Resolution Radiometer (AVHRR) within an Instantaneous Field of View (IFOV) of 1 km allows for spatial-temporal analysis of surface temperature in Houston, Texas at a regional scale [99] . Similar applications can also be found in the research by [86, 100] . Compared to low spatial resolution imagery, thermal infrared imagery of moderate spatial resolution, such as TM (120 m) and Enhanced Thematic Mapper Plus (ETM+) (60 m), are more popular for small-scale (e.g., local, neighbourhood) urban studies. For example, Chen et al. [101] applied multi-temporal TM and ETM+ data to retrieve the spatial variation of brightness temperature in Shenzhen (China) from 1990 to 2000, showing that obvious heat island effects can be identified in the most urbanized regions. In addition, existing literature has also demonstrated that surface temperature has a negative relationship with water and vegetation percentages but a positive linkage with impervious surface area.
These aforementioned impacts of land cover and land use pattern can be obtained by spatial statistical analysis of classification results and the surface temperature distribution.
QOL Assessment
Previous literature shows great potential and availability for geomatic techniques and statistical approaches in assessing QOL from a spatial perspective. Lo and Faber [80] estimated QOL in AthensClarke County (Georgia, US) by incorporating TM imagery-derived environmental information (e.g., land use land cover percentage, NDVI, and surface temperature) and socioeconomic census data (e.g., population density, per capita income, median home value, and percentage of college graduates). The intercorrelation of different variables was also investigated by this study which presented a comprehensive explanation of the multiple contributors to the overall QOL. The methodologies proposed by this study can perfectly match the essential characteristics of QOL (subjectivity and objectivity) interpreted in early studies [102, 103] by conducting both the subjective and objective QOL assessments respectively based on PCA and GIS overlay approaches. Likewise, Li and Weng [59] adopted the same idea in the QOL study of Indianapolis city (US) and they expanded the original variable set to encompass more input information such as the impervious surface area extracted from satellite imagery, poverty, employment rate and house characteristics for the quantitative QOL model. In addition, they used ETM+ imagery instead of TM for surface temperature retrieval which improved the spatial resolution of the thermal band from 120 m to 60 m. Moreover, they conducted Pearson"s correlation and factor analysis to reduce the redundant information of the dataset to derive combined information representing different aspects of QOL. Similar QOL studies can also be found in [82, 104, 105] .
Opportunities in Available Methodologies
These aforementioned approaches are nothing new since they have been widely applied in a number of studies including environmental studies, urban planning, and some social sciences. However, most of these techniques were just used separately to investigate one or two aspects of urban development. Some focus on urban sprawl or land use while others concentrate on impervious surface extraction, urban heat island study, or urban vegetation mapping as well as for quality of life modeling. Such issues are highly associated with urban sustainability; they have rarely been studied together based on integrated geomatic approaches for a comprehensive urban sustainability study. In a sense, the promising remote sensing and GIS techniques have still not been fully explored to depict a whole picture of urban sustainability due to their detached applications. Some statistical data can further illustrate this point. For example, in the world-famous citation database Web of Science users can access 3043 articles on urban sustainability if "urban sustainability" has been selected for the search topic. However, if the search topic is set to "urban sustainability" and "remote sensing" at the same time, the search result is only 47 records. Similarly, only 120 articles can be found if the search topic is set to "urban sustainability" and "GIS". If the topic is set to "urban sustainability", "remote sensing", and 'GIS" simultaneously, only 20 articles are returned. This indicates that approximately 1.5% ~ 3.9% of urban sustainability studies have used advanced geospatial techniques. Accordingly the spatial-temporal comparability of these USIs is somehow challenged. It is necessary to explore the potential of advanced geomatic approaches in such aspects for improving the evaluation of urban sustainability.
A Potential Integrated Model for Evaluating Urban Sustainability
To lay the theoretical foundation for efficiently monitoring and evaluating urban sustainability, it is of great importance and priority to establish an integrated USI model based on an appropriate understanding of urban sustainability. Then candidate urban sustainable indicators need to be determined according to the different domains and themes identified within the framework model.
Define a Suitable Interpretation of Urban Sustainability
We adopt a holistic interpretation of urban sustainability which could be explained as: A sustainable city is one undergoing development in harmony with its environment, economy, society and people"s well-being. Although this definition has been rejected by the United Kingdom"s Local Government Management Board in their description of urban sustainability owing to a lack of innovation, we still suggest this traditional way in explaining urban sustainability. Because this interpretation is comprehensive enough to cover different aspects of urban development all of which are highly relevant to sustainability. The USI model established based on this interpretation of urban sustainability can be more suitable for application in different urban contexts due to its generality and comprehensiveness. In addition, people"s well-being can provide more subjective information of urban sustainability status while the other three basic domains (environment, society, and economy) can reflect more objective evidence. People as an essential component of urban activities are supposed to be taken into consideration for explaining urban sustainability. Since there is a large portion of overlap between social and economic domains, we would prefer to simplify the interpretation of urban sustainability into a balance of three dimensions: environment, socioeconomic, and well-being (Figure 1 ). This identified coverage will constitute the fundamental domains of a hierarchical multiple-indicator system for our proposed USI model.
Establish the Framework of the Integrated USI Model
First, this integrated USI model will be a domain-based framework. As Keirstead and Leach [21] suggested, USIs should be presented within clearly allocated categories, themes, and sub-themes focusing on policy goals. Our proposed USI model will encompass three basic categories (environment, socioeconomic, and well-being) according to the definition of the appropriate urban sustainability aforementioned. The specific themes and sub-themes within the three broad domains are determined based on the key influential elements extracted from the literature. The socioeconomic domain contains the theme of urbanization consisting of sub-themes such as population growth, urban sprawl, and urban land use change. The environmental domain comprises four key aspects which are green space, impervious surfaces, water quality, and surface temperature. The well-being domain mainly focuses on the theme of QOL which encompasses multiple sub-themes explained by material living, surrounding status, and individual"s development [59] . In addition, this USI model can also be considered as a process-outcome framework in that the socioeconomic domain acts as a stressor agent while the environment and well-being domains represent the condition agents. The environment domain can also play the stressor role in the outcome of well-being. This model can be shown by Figure 2 in a graphic illustration. The accessible and measureable indicators can be found in following Section 5.3. and the discussion of this proposed model is in Section 6 with regards to its advantages and limitations. 
Identify Preliminary Indicators and Measurements for the USI Model
Different interpretations of urban sustainability can lead to different selection of indicator set, so both academic and practical literature were studied to identify suitable USIs capable to evaluate the fundamental domains within the USI model. This step is critical to determine whether an accurate measurement and assessment of urban sustainability can be achieved using a synthesized framework. Existing USI models including State-of-Environment Reporting, Health City Reporting, QOL Reporting, The United Kingdom's Local Government Management Board, Hodge's Framework for Systematic Sustainability Reporting, and Developing Indicators of Urban Sustainability were examined to draw appropriate indicators for our proposed integrated USI model. The advantages and disadvantages of each possible indicator should be assessed according to the identified indicator selection criteria. The validity, accessibility, and measurement of the potential indicators should be considered and evaluated as well.
To efficiently measure and quantify this proposed USI model, a hierarchical indices system was developed at three integrated levels ( Figure 3 ). In this system, all urban sustainability indicators will be quantified in the format of index; this allows standardized calculation of different indicators as well as easy comparability among indicators to overcome such weakness pointed out by researchers in most existing USIs models. The hierarchical relationships exist based on the degree of integrity or synthesis for different indicators. Level 1 indices represent the most specific USI set some of which can be directly measured using the census data or imagery information, such as Population index, Land use index, Green space index, and Safety index. Level 2 indices are more integrated and they can be calculated based on a function with Level 1 indices as input parameters, such as Environmental index, Quality of Life index, and Socioeconomic index. The single Level 3 index called Urban sustainability index is the most integrated compared to indices in the other two levels. It will be derived based on all Level 2 indices. The formula for indices calculation will be weighted linear equations. All objective variables in equations can be obtained from available census data or imagery information while the weights for objective variables are from social surveys or set equal. In this study, a preliminary USI model was established with a selected USI set composed of fourteen indicators ranged from Level 1 to Level 3, which was aimed to achieve evaluation of urban sustainability from detail to more synthetic perspectives. Ten A brief description is provided below to show how to calculate the multiple indices for quantification of the proposed USI model. First, because Level 1 USI indices are single ratio based indices or derived based on a group of single ratio based indices, they can be very easily calculated using the available census data or imagery-derived information (Figure 4) . For example, Land use change index can be derived from the ratio of changed urban area to the total urban area in the current year. Or Green space density index can be obtained based on the ratio of green vegetation area to the total urban area. Second, for Level 2 indices, they can be quantified based on a weighted addition of all Level 2 indices in its subset. Weights for objective indices including Urbanization index and Environmental index are set equal because we assumed there is no priority for objective change of urban development. Weights for the composite index Quality of life are set according to the social survey results since the human well-being status is determined by both objective conditions and subjective perceptions. For the final Urban sustainability index, three input variables which are Level 2 indices are given equal weights because three fundamental domains are considered to be the same important in determining urban sustainability. However, concerning the different urban sustainability goals set in different urban polies, the weights can be flexibly set for the identified USIs. As Gosselin [25] suggested, the balance of different domains within urban sustainability and the reference from other studies should be taken into consideration.
This hierarchical system can provide good quantification of the USI model. All the Level 1 and Level 2 indices are developed according to different domains, themes, and sub-themes of the integrated USI model shown in Figure 2 . In particular, the Level 3 Urban sustainability index enables a quantitatively overall evaluation of the progress towards urban sustainability from a spatial-temporal perspective.
Indicator Evaluation and Determination
To build trust and approval of the proposed USI model, the initial indicators would be evaluated against the identified selection criteria to fit the context of specific urban sustainability study. To maintain the integrity and hierarchy of the proposed USI model, the actual evaluation should be directly conducted on the specific measurements (e.g., Population growth rate, Population density, Green Space area) in replace of urban sustainability indicators [25, 29] . Equal weights are supposed to give each USI selection criteria based on a simple dichotomy by marking yes or no. Measurements with more than three criteria marked yes should be selected as the final USI measurement for calculating the indicators in the integrated USI system. The evaluation process was suggested to take the form of simple questionnaire surveys among policy makers and the general public. Alternatives in more consistency with the selection criteria are possibly included in the original list of USI measurements.
A Preliminary Case Study of the Proposed Model
To test the feasibility of the hierarchical indices system in quantifying the proposed USI model, a case study on Saskatoon Neighbourhood Quality of life index (or score) in 2007 was carried out and is shown here. This case study displays only partial results of an urban sustainability evaluation of Saskatoon based on the integrated USI model. To calculate all the USI indices for the entire hierarchical system is time-consuming due to the data collection (satellite imagery, census data, and historical maps), data processing, statistical and spatial analysis, so we could not provide a full set of quantified USI indices presently. The main purpose for this paper is to establish the conceptual integrated USI model as well as to prove the feasibility of quantifying this USI model by a hierarchical indices system. However, this expected full set of quantified indices will finally be derived to achieve the goal of monitoring and evaluating urban sustainability in our case study cities (e.g., Saskatoon).
Saskatoon (52.12°N, 106.67°W), located in the province of Saskatchewan in west-central Canada, is geographically situated in townships 36 and 37, ranging 4, 5 and 6 over 300 km north of the U.S. border. It is a medium sized prairie city with an extent of approximately 218 km 2 formed during the Great Transitions of Canadian cities (1850-1945) [106, 107] . Saskatoon is the commercial and educational center of Saskatchewan. It has become the fastest growing city in Canada due to its highest population growth rate driven by a dramatic increase in annual immigration [108] . Urban sustainability has been set as a goal for future development by the city council (City of Saskatoon, 2012). The total population within Saskatoon increased from less than 50,000 in the 1950s to more than 236,600 in the 2012. Concomitant with the rapid population growth is the dramatic urbanization processes (e.g., urban sprawl, land use change, etc.), which has posed great challenges on the city"s sustainable development (e.g., bare soil or green land is converted to urban areas every year). As of 2007 the City of Saskatoon consisted of 86 intra-city units 64 of which were residential neighbourhoods with the remaining 22 being used as industrial, management area, development area, and recreational park ( Figure 5 ). Of the 64 residential neighbourhoods only 58 were included in the study due to the availability of the data for the remaining 6 neighbourhoods (Willowgrove, Blairmore Suburban Centre, Stonebridge, Hampton Village, Rosewood, and University Heights DA) in 2007 ( Figure 6 ). Research data including census data, subjective weights, and spatial data were acquired from secondary sources including the City of Saskatoon, Elections Saskatchewan, the Saskatoon Police Service, the Saskatoon Health Region, and the Community University Institute for Social Research (CUISR)"s report entitled "Tracking Quality of Life in Saskatoon: Summary of Research, 2007 Iteration". This data was stored, manipulated, and analyzed with the use of a GIS in order to carry out index calculation and spatial analysis. The calculated results of the subjectively weighted QOL index for the 58 study neighbourhoods in Saskatoon are displayed in Table 1 . Statistical results show that QOL score ranges from 73.24 in Forest Grove to 137.11 in University Heights SC with a mean score of 118.82. A negative skew value of -1.47 suggests that the majority of Saskatoon neighbourhoods have a QOL score above the mean. The kurtosis value of 2.37 indicates that a significant number of neighbourhoods are concentrated in a certain QOL index range (Figure 7) . To determine the accuracy of the subjectively weighted QOL index, Saskatoon neighbourhood QOL scores were classified using two classification schemes: natural break method (or Jenks method) and standard deviation method. The former scheme represents the most distinct groupings of QOL while the latter shows how much a neighbourhood"s QOL index deviates from the mean. Both classification results were then compared to the socio-economic status (SES) of the neighbourhoods as determined by CUISR. This was done to discern if higher QOL scores corresponded with High and Middle SES neighbourhoods and if lower QOL scores corresponded with the Low SES neighbourhoods. Results (Figures 8 and 9 ) demonstrated that the majority of Low SES neighbourhoods corresponded with the neighbourhoods having the lowest QOL scores. In both schemes, 11 out of 17 Low SES neighbourhoods represented the lowest QOL scores. It was also found that all 7 High SES neighbourhoods corresponded with the group of highest QOL scores. An overwhelming majority of the Middle SES neighbourhoods were either classified as above the mean or close to the mean (30 out of 34) or as good, very good, and advantaged (29 out of 34). The map comparison led to the conclusion that the QOL gap described by CUISR is reflected in our subjectively weighted QOL index"s results. The spatial pattern of Saskatoon neighbourhood QOL index was detected based on two cluster statistical analysis named Luc Anselin"s Local Indicators of Spatial Autocorrelation (LISA) and Getis-Ord Gi. The mapped results (Figures 10 and 11) show the clusters and outliers found to be significant at the 95% confidence interval. Both spatial conceptualizations in Figure 10 show a cluster of low values on the west side in the core neighbourhoods and a cluster of high values in the southeast corner of the city. The k-nearest conceptualization differs slightly and recognizes Montgomery Place as a feature with a high value surrounded by lower values. Nutana SC is also recognized as an outlier but is a low value surrounded by higher values. The spatial autocorrelation statistics calculated by Getis-Ord Gi* (Figure 11 ) strongly resemble the findings of LISA. Z score returned determines whether high or low values cluster together. The larger statistically significant positive Z score represents a more intense clustering of high values or hot spot; the smaller statistically significant negative Z score indicates a more intense clustering of low values or cold spot. Both spatial conceptualizations depict a cold spot in the core neighbourhoods of the west side. The same clustering of high values found by LISA is also reported in the southeast part of the study area. However this hot spot is more expansive than reported by LISA. Both local measures of spatial autocorrelation and both spatial conceptualizations reaffirmed one another"s findings. Like a significant amount of inner city neighbourhoods in cities across Canada and North America, neighbourhoods with lowest QOL scores are among the oldest areas of Saskatoon are the core areas where poverty flourishes. There is a disparity between these neighbourhoods and other parties of the city when it comes to things such as health and crime [109, 110] . Neighbourhoods with high QOL scores clustered on the east side of the city further highlight this disparity. There is a perceived east-west divide that is common among Saskatoon residents and the authors, as residents of the city, are well aware of it. Clearly, this divide does exist in some capacity. On the other hand, not all neighbourhoods fit into this perception perfectly. Outliers included the neighbourhoods Montgomery Place and Nutana SC. Montgomery Place, although on the outskirts of the core neighbourhoods, was recognized as having significantly higher QOL than its surrounding neighbourhoods. It was developed in the mid1940s as a neighbourhood for returning WWII veterans and their families, more considered as a resort village than a neighbourhood due to an open park-like feeling. Nutana SC, which had a significantly lower QOL scores than its surrounding neighbourhoods, consists mainly of senior citizens and this may be in part why QOL is significantly lower here. Age was found to be a significant determinant when QOL was rated as lower [111] .
As part of our research on urban sustainability evaluation based on the integrated USI model, the case study in this paper provides an example of QOL index calculation and spatial pattern detection. For other USI indices calculation, information extracted from satellite imagery and historical maps (e.g., urban land use change, urban sprawl, green space, etc.) are needed to be incorporated. In addition, to detect the urban sustainable progress between inter-generation, USI indices in different time periods are required to be compared; this could be conducted in GIS platform based on its spatial-temporal analysis functions. 
Discussion and Conclusions
The proposed integrated USI model has great potential in improving urban sustainability evaluation by overcoming the shortages found in most of the existing USI models. First, it is capable of assessing both inter-generational equity and intra-generational equity based on temporal and spatial analysis using advanced geomatic approaches. Also, it can provides a more comprehensive evaluation of possible domains relevant to urban sustainability, which is well suited for extracting the cause-effect relationships or statistical linkages among different domains. In addition, the hierarchical multiple indices system allows improved measurements of USIs as well as quantitative comparison between different indicators.
In spite of the advantages shown by this integrated USI model, it cannot still guarantee an absolutely precise evaluation of urban sustainability due to the unavoidable limitations. Urban sustainability is a very broad topic which involves a wide range of urban life aspects, such as biodiversity, energy use, water consumption, air pollution, noise level, transportation mode, mental health, etc. Different cities have diverse definitions or goals for urban sustainability concerning their own specific development status. Our proposed USI model covers the most fundamental domains of urban sustainability (social, economic, environmental, and human well-being). It is impossible to for this USI model to include all existing aspects of urban sustainability. However, it performs as a more open model where the integrity and comprehensiveness of the model can be strengthened by incorporating additional domains and/or indicators specific to different urban circumstances or development goals.
In summary, the integrated USI model development is considered a necessary first step towards an accurate evaluation of urban sustainability. It not only lays a theoretical basis for a comprehensive interpretation of urban sustainability, but also provides an open framework for future research to exploit multiple techniques and multiple data sources. This study also has practical values in urban planning, city development, public polices, and environmental impact assessment. The USI hierarchical system plays an important role in formulating a holistic or specific analysis of urban sustainability based on the multiple indices derived at different levels. For future application of this proposed model, it is vital to reach public audiences (e.g., policy makers, planners, engineers, and even individual residents) for sharing information to increase the awareness of urban sustainability as well as linking policy-making with public participation as well as academic communities. Since the advantages of geomatic techniques used in the quantification of USI model, visual simulations or demonstrations can be effective strategies for vividly demonstrating the dynamic change of urban sustainability progress to the public.
